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Abstract. 

We study a leptogenesis scenario in which the heavy Majorana neutrinos are 
produced non-thermally in infiaton decays in the supersymmetric economical SU(3)c(§5 
SU(3)l <8>U(1)x model with inflationary scenario, and for this purpose neutrino masses 
play the key role. Due to the infiaton with mass in the GUT scale, the model under 
consideration provides successful neutrino masses, which is different from ones without 
inflationary scenario. The lepton-numbcr-violating interactions among the infiaton 
and right-handed neutrinos appear at the one-loop level, and this is a reason for non- 
thermal leptogenesis scenario. The bound followed from the gravitino abundance 
and the cosmological constraint on neutrino mass/the neutrino oscillation data is 
m V 3 ~ eV. By taking the reheating temperature as low as Tr = 10 6 GcV, we 
get a limit on the ratio of masses of the light heavies neutrino to those of the infiaton 
to be ^rf 1 = 0.87. 
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1. Introduction 

The recent experimental results confirm that neutrinos have tiny masses and oscillate [lj, 
which implies that the standard model (SM) must be extended. Among the beyond-SM 
extensions, the models based on the SU(3)c®SU(3)l(8)U(1)x (3-3-1) gauge group [2],|3] 
have some intriguing features. First, they can give partial explanation of the generation 
number problem. Second, the third quark generation has to be different from the first 
two, so this leads to the possible explanation of why top quark is uncharacteristically 
heavy. An additional motivation to study this kind of the models is that they can also 
predict the electric charge quantization [3]. 

Depending on the electric charge of particle at the bottom of the lepton triplet, 
the 3-3-1 models are classified into two main versions: the minimal model [2] with the 
lepton triplet (v, I, l c ) L and the version with right-handed (RH) neutrinos [3], where the 
RH neutrinos place at the bottom of the triplet: (i/, l,u c ) L . In the 3-3-1 model with 
right-handed neutrinos, the scalar sector requires three Higgs triplets. It is interesting 
to note that two Higgs triplets of this model have the same U(l)x charges with two 
neutral components at their top and bottom. In the model under consideration, the 
new charge X is connected with the electric charge operator through a relation 

Q = T 3 -^=T 8 + X. (1) 

Assigning these neutral components vacuum expectation values (VEVs) we can reduce 
the number of Higgs triplets to two. Therefore we have a resulting 3-3-1 model with two 
Higgs triplets [5]. As a result, the dynamical symmetry breaking also affects the lepton 
number. Hence it follows that the lepton number is also broken spontaneously at a high 
scale of energy. Note that the mentioned model contains a very important advantage, 
namely, there is no new parameter, but it contains very simple Higgs sector; therefore, 
the significant number of free parameters is reduced. To mark the minimal content of 
the Higgs sector, this version that includes right-handed neutrinos is going to be called 
the economical 3-3-1 model. 

By this time, the cosmology becomes one of the most important sciences giving deep 
knowledge on the origin of our Universe. The critical moment for the development of 
modern cosmology was discovery of the 2.7 K microwave background radiation arriving 
from the farthest reaches of the universe. The existence of the microwave background 
had been predicted by the hot-universe theory, which gained immediate and widespread 
acceptance after the discovery. Despite successes, there are a lot of difficulties (see, 
for example, [6]) in modern cosmology such as flatness, horizon, primordial monopole 
problems, etc. It is all the more surprising, then, that many of these problems, together 
with a number of others that predate the hot universe theory, have been resolved in the 
context of one fairly simple scenario for the development of the universe - the so-called 
inflationary universe scenario j7]. Inflation assumes that there was a period in the very 
early universe when the potential and vacuum energy density dominated the energy 
of the universe, so that the cosmic scale factor grew exponentially. The important 
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ingredient of the inflationary scenario is a scalar field tp having effective potential V(ip) 
with some properties (satisfying many constrains that are rather unnatural). This scalar 
field is called inflaton. 

On the other hand, to explain the well-known matter-antimatter asymmetry, the 
baryogenesis plays an important role. In addition, primordial lepton asymmetry is 
converted to baryon asymmetry in the early universe through the "sphaleron" effects of 
electroweak gauge theories [8j if it is produced before the electroweak phase transition. 
Thus, the leptogenesis scenario [9] seems to be the most plausible mechanism for creating 
the cosmological baryon asymmetry. 

The aim of this work is to consider leptogenesis in the supersymmetric economical 
3-3-1 model with inflationary scenario. This paper is organized as follows. In Section [2] 
we present the particle content in the supersymmetric economical 3-3-1 model. Section 
|3] is devoted to neutrino mass in the supersymmetric economical 3-3-1 model without 
the inflationary scenario. We will show that in this case, the neutrino mass matrix is 
unrealistic. In Section HI we present the seesaw mechanism in the model with inflationary 
scenario. At the one-loop level, the neutrino mass matrix gives the necessary hierarchy. 
The non-thermal leptogenesis scenario is presented in section [5j We summary our results 
and make conclusions in section |6j 

2. A brief review of the model 

To proceed further, the necessary features of the supersymmetric economical 3-3-1 model 
[TO} [TTj will be presented. The superfield content in this model is defined in a standard 
way as follows: 

F=(F,F), S = (S,S), V=(\,V), (2) 

where the components F, S and V stand for the fermion, scalar and vector fields of the 
economical 3-3-1 model while their superpartners are denoted as F, S and A, respectively 

[El Eg. 

The superfields for the leptons under the 3-3-1 gauge group transform as 

L aL = (vJ a ,vtf L ~ (1,3,-1/3), (1,1,1), (3) 

where P£ = {vr) c and a = 1, 2, 3 is a generation index. 

It is worth mentioning that in the economical version the first generation of quarks 
should be different from others [5]. The superfields for the left-handed quarks of the 
first generation are in triplets 

Qil= (ui, d u u'f L ~ (3,3,1/3), (4) 
where the right-handed singlet counterparts are given by 

u\ L , u' c L ~ (3*, 1, -2/3), d c lL ~ (3*, 1, 1/3). (5) 
Conversely, the superfields for the last two generations transform as antitriplets 

Q*L=(d a ,-u a ,d> a ) T L ~(3,3*,0), a = 2,3, (6) 
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where the right-handed counterparts are in singlets 

u c aL ~ (3*, 1, -2/3) , d c aL) % L ~ (3*, 1, 1/3) . (7) 

The primes superscript on usual quark types (v! with the electric charge q u > = 2/3 
and d' with q d > = —1/3) indicate that those quarks are exotic ones. The mentioned 
fermion content, which belongs to that of the 3-3-1 model with right-handed neutrinos 
(3j [5] is, of course, free from anomaly. 

The two superfields \ and p are introduced to span the scalar sector of the 
economical 3-3-1 model [5]: 

T 



X 



(x?,r,X°) ~ (1,3,-1/3), (8) 



T 



p = (pt,fP,(%y -(1,3,2/3). (9) 

To cancel the chiral anomalies of Higgsino sector, the two extra superfields x' an d p 1 
must be added as follows: 

x'= (x7,x^X2°) T ~(M*,i/3), (10) 

p = (^f,^,^) T ~(l,3*,-2/3). (11) 
In this model, the SU(3)l <S> U(1)x gauge group is broken via two steps: 



SU(3) L ® U(l) x ^ SU(2) L ® U(l)y U(1) Q , (12) 

where the VEVs are defined by 

v/2(x) T = (u, 0, tw) , V2( X ') T = K, 0, «/) , (13) 

V2(p) T = (0, v, 0) , ^(p'} 7 = (0, v', 0) . (14) 

The VEVs w and w' are responsible for the first step of the symmetry breaking while 
u, vl and v, v' are for the second one. The VEVs w, w' give mass for the exotic quarks 
and new gauge bosons while the VEVs u, u', v, v' give mass for SM particles. Therefore 
they have to satisfy the constraints 

u, u' , v, v' w, w'. (15) 

On the other hand, we can drive constraint v, v' ~ v e i ectrowea k = 246 GeV from the 
bound of W boson mass and u, u' < 2.46 GeV (for details, see [5]). Note that u and v! 
carry lepton number 2 [14J, so they are the kinds of lepton-number- violating parameter. 
Hence, it leads to the limit 

u, u v, v'. (16) 

The vector superfields V c , V and V' containing the usual gauge bosons are, 
respectively, associated with the SU(3)c, SU(3)l and U(l)x group factors. The colour 
and flavour vector superfields have expansions in the Gell-Mann matrix bases T d = X d /2 
{d = 1, 2, 8) as follows: 

v c = \\ d v cdl f c = - l -\ d *v cd] v = l -\ d v d) V = -\\ d *v dl 

(17) 
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where an overbar indicates complex conjugation. For the vector superfield associated 
with U(l)x) we normalize as follows 

XV' = (XT 9 )B, T 9 = ^diag(l, 1, 1). (18) 

In the following, we denote the gluons by g d and their respective gluino partners by Af, 
with d = 1, . . . , 8. In the electroweak sector, V d and B stand for the SU(3) l and U(l)x 
gauge bosons with their gaugino partners Ay and As, respectively 
The most general superpotential is obtained by [TUl US] 

W = W 2 + W 3 (19) 

with 

W 2 = POaLaLX' + P X XX' + PpPp' \ (20) 

and 



W 3 = ^ ab L aL p'll L + X a eL aL xp + X' ab eL aL L bL p 
+ KiQ 1L x'u c iL + k'Qxlx'u'Z + $iQi L p'd c iL 

+ fi'aQlLp'd'aL + K Q iQ a LpUi L + Tc' a Q aL pu'[ 

+ ^-aiQaLX.di L + H' aj3 Q a LX,dp L + €$ ' a ^Q ahQ phQ^L 

+ i\iPid c iL d!p L u C j L + £,2ii3d c iL d'p L u'l + £,3ijkdi L d c jL u c kL 
+ injd C iLd C jLu'l + ihapid^ L d!p L u c iL + i§ a fid!a L d!p L v!l 

+ iaajLaLQaLd C j L + £,' aa pL aL Q aL d'p L . (21) 

where a = 1, 2, 3, i = 1, 2, 3 and a, {3 = 2, 3. The coefficients p 0a , p p and p x have mass 
dimension, while all coefficients in W 3 are dimensionless and \' ab = —X' ba . 

3. Neutrino mass in supersymmetric 3-3-1 model without the inflationary 
scenario 

Let us mention that recent data from neutrino oscillations produced the following results: 
0.36 < sin 2 6 23 < 0.67, 0.27 < sin 2 12 < 0.38 sin 2 9 13 < 0.053, (22) 

and 

2.07 x 10~ 3 eV 2 < Am 2 tm < 2.75 x 10~ 3 eV 2 , (23) 
7.03 x 10~ 5 eV 2 < Am 2 sol < 8.27 x 10" 5 eV 2 , 

at 99.73% CL [H]. 

This gives the constraints on neutrino masses and mixing. Let us consider the 
above problem in the model the without inflationary scenario. 
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3.1. Tree-level Dirac mass 



At the tree-level, the neutrinos get masses from the term 

- X' ab L aL L bL p + H.c, (24) 

which gives us 

- KbKiVbL - VaLv c hL + y^yhi - v^eT^) p °. (25) 

This mass term can now be rewritten in terms of a 6 x 6 matrix X v by defining the 
following column vector: 

m T - 



V\L V 2L Z/ 3L V\ L 

Now we can rewrite our mass term as 



'2L 



3L 



(^fX^ + H.c 



(26) 
(27) 
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where 



G 



ah 



(Kb ~ Ka) ■ 

—Gba, 



(29) 



the mass pattern of this sector is 0, 0, 



Due to the fact that G ab = 
m v , m v , where \[2m v = vJG^ + G\ 2 + G\i- Noting that this mass spectrum is the 
same as that of the non-supersymmetric version and the mass spectrum is not realistic 
[T7] . The most general neutrino mass spectrum is in the following form: 

*-(£2)- 

where Ml,r (vanish at the tree-level) and get possible corrections. 



3.2. The one-loop corrections to the Dirac and Majorana masses 

The Yukawa couplings of the leptons and the relevant Higgs self-couplings are explicitly 
rewritten as follows: 

L Y Pt = Kb^aLlbLpt + KbKJbLpt + labVahl R Px + lab^RP^ + H - C ; 

+ g(4 x t x+ i xV+ ^ v _2 pV ) 2 (31) 

In the limit v,v',u,u' <^w,w', the masses of the charged Higgs bosons get approximate 
values such as [TT]: m >- ~ m w ,m + ~ 0, m + ~ m^ 2 = 0, m /- ~ m^ 3 = 0. 
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x, X x 

p° \ A //'' p° \ / p ' 



7 .'7 



y W? A' IdL \ IcR 7 I>afl V c hR 7 Z^ i ^cL A' V aR 

A T 

;Po iPo 

x x 

Figure 1. One-loop contribution to the mass matrix Mr 
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7 .'7 
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iPo \p'o 

X X 

Figure 2. One-loop contribution to the mass matrix Ml 



X, X X, X 

P° \ ,// P° \ /'p°' 

7 .'7 



7 i Z C C R A' ^ A' Zrft I Z cfi 7 ^afl 

T A 

iPo \P'o 

X X 

Figure 3. One-loop contribution to the mass matrix Mb 



With the couplings given in (13T|) . the right- and left-handed neutrino mass matrices 
are given by a sum of two one-loop diagrams, shown in Figs{T] and [2J respectively: 

i{M L ) ab P L = / — — «2A ac P L r i^ cd ^=P R — T 

J (27r) 4 p 2 —m 2 c \ y/2 J P — n^i 

x {iltd P L)-r-2 2~^T~2 TT (V^' 

\jr — m 2 l+ ){p 2 — m _J v 
Pi p 3 

7 (27r) 4 p 2 — m 2 \ v2 ) V m d 
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x (i2\' hd P L )— (w 2 vv') 

(jp z — m ,-)(p — m +) v ' 
Pi P3 

= iV2g 2 v\' ab P L [m 2 b I(m 2 b ,m 2 ,+ ,m 2 ^ - m 2 J(m 2 a ,m 2 pi , + ,m 2 -)} 

(32) 

with a, b are not summed. 
Similarly, we have 

{M R ) ab = -(M L ) ab . (33) 
Because of m Pl / + = raw,fn p - = 0, we obtain 

I(m 2 , m 2 ,m 2 . 



I m o'r , m 2 



I{mlm 2 pi , +} m 2 ) ~ - -— — — 1- 2 In , (34) 

a — e,/i,r 



Pi \ a p'i p'i 



With the functions given in Eq. . the one loop correction to the mass matrix Ml can 
be written as 



{M L ) ab oc - {M R ) ab 

~ (M£ e % oc v 



1 1 1 j. I , ml \ m 2 I _ , m 2 



1 - In — =2- =2- 1 - In 



2 l 2 l 2 l 2 

m ,_ \ m ,_ / m ,_ \ m ,_ 

Pi \ Pi / Pi \ Pi 



(35) 



Thus, the one-loop correction leads to the relationship Ml = —Mr, which is similar 
to the case of non-supersymmetric economical 3-3-1 model [IT] . These mass matrices 

2 

are proportional to the value v but they are suppressed by an extra factor Hence, 
the dominant matrix is Mo, and it can be diagonalized by biunitary transformation 
as the same as in the non-supersymmetric economical 3-3-1 model [17J. This gives six 
different values: two lights and four heavies. Let us consider the one-loop contribution 
to the Dirac neutrino masses. Applying the Feynman rules to the FigJU we obtain 
contribution to the mass matrix Mb of the form 

d 4 p , . oX , n , i(jf) + m c ) { . v n \i{i> + m d ) 



i{M™ d ) ab P L = / H2X' ac P L ) g V i-Yd-aPt 



(2tt) 4V "-'**'* p 2 -m 2 y ica ^ R J p 2 -m 

x (Hm-POti nfc 2 ™' 

^ Pi /V p x y 

f d 4 p * + m c ) f. v \ + m d 



^ ^-^W-^) ^ 1 (36) 

^ pJ yVjr p 2 y 
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We rewrite the above result as 

n 2 

rrad\ H 



16tt 



v 



l-^L[l-ln m " 



2 I 2 

m ,- \ m , 



oc v. (37) 

It is very interesting that the scale for one-loop correction to the Dirac masses is 
proportional to the expectation values v, the same as that of the tree level. However, 
unlike the case of the tree level, the mass matrix given in ( |37l) is non-antisymmetric in 
a and b. Hence, after including the one-loop correction to the Dirac neutrino mass, all 
three eigenvalues of the Dirac mass matrix are non-zero. On the other hand, the left and 
right handed neutrino mass matrices are gained at the one-loop correction. However, 
there is no larger hierarchy between Ml, Mr and Mp. It is difficult to obtain the 
seesaw mechanism in this scenario. To solve this puzzle, as in the non-supersymmetric 
economical 3-3-1 model, it is necessary to introduce a new mass of the GUT scale 
M ~ 10 16 GeV P3]. 

Below we shall show that, in the model with an inflationary scenario, the type I 
seesaw mechanism can appear naturally. 

4. The seesaw mechanism in supersymmetric economical 3-3-1 model with 
an inflationary scenario 

We have constructed a hybrid inflationary scheme based on a realistic supersymmetric 
3-3-1 model by adding a singlet superfield $ which plays the role of the inflation, namely 
the inflaton superfield pE]. Let us recall that the inflationary potential is given by 

W mf ($,x,x') = a®XX'-^- (38) 
The superpotential related to the neutrino masses is 

W neut = ft' 0a L a x'$ (39) 

Integrating out the superspace gives the relevant interaction Lagrangian for the one-loop 
correction to neutrino mass 

Lint = /io„zWx'i° + ^LKr^Xs + H.C, (40) 

VSt. = « 2 W) 2 ( 41 ) 

Besides the relevant Higgs self-coupling given in Eq. (T4Tj) . there is another Higgs potential 
contributing to the neutrino mass at the one-loop correction, namely 

v D = C (Ax ] x + \x"x' + Ip ] p - Ip i] p' 2 



12 V 3" ' v 3 v /v 3' ' 3' 



+ ^r(xfe - xf ASxJ + p\\\ 3P] - p?KiPj ? (42) 



with g', g are the gauge couplings of U (1), SU (3) i groups, respectively. Because of this, 
the g' coupling constant is the co-variant function of energy and the g coupling constant 
is the contravariant function of energy. At the inflationary and preheating times, the g' 
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coupling constant is dominated and we will ignore the self-Higgs coupling in the second 
line of Eq. (|42p . On the other hand, requiring the nonadiabatic string contribution to 
the quadrupole to be less than 10%, the coupling a belongs to 10~ 4 -j- 10~ 8 [H]. If we 
compare this value with that of g' coupling constant at the early time of the universe, the 
values of a coupling is tiny enough to ignore the Higgs self-coupling given in Eq.( l4TT) . In 
short, at the inflationary and preheating times, the Lagrangian related to the one-loop 
correction to neutrino mass is given by 

Unt = (l' Oa VaL0Xl + V'oaVaR&Xs + H.C., (43) 

D 12 V 3 3 X 3 P P ~ 3 P P J ^ ' 

At the one-loop order, there is no correction to the mass matrix Mp but there is 
correction to the mass matrices Ml and Mr given in Figs. H] and |5] 



We assume that the vacuum expectation values w, u, v are the same as w', u', v', 
respectively. With this assumption, the contributions from diagrams [5] (c) and (d) 
are canceled by each other and similarly for diagrams [5] (e) and (f). Hence, the total 
contribution to the neutrino mass matrix Ml is obtained from diagrams [5] (a) and (b) 
as follows: [see (1A.4[) ] 



-im~ 



(2tt) 4 u ' p 2 -m\ K ^ p 2 - m 2 ~ 

l2\ 



.29 



Xi \ ' 



'2 n A^^ ^2 



dp p 



(2itY (p 2 - m 2 ) 2 {p 2 - m 2 -) 2 



2 



(2iiY (p 2 - m 2 ) 2 (p 2 - m 2 ) 2 



g' 2 r i 

= m^—^y ob uP L [J(to|, m 2 x ,) + m 2 ~h (m|, m^)\ (45) 

Note that is a super partner of inflaton; hence their mass must be larger than those 
of inflaton. It means that m~ 3> m' . If we take that the ratio of m' to m~ is of the 

<p Xi Xi <p 

order 10~ x , we obtain 

2 ™2 



J(m~, m y ,) 



x 7 167r 2 m 2 , ' 



/i(m|,my ~ - I _ 5 _ I (2-xlnl0) (46) 



Substitution of Eq. ()46l) into Eq. ( )45l) gives 



K n i - -iCK>o^. (47) 
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Xp' 27 \^o/ 



^fcH Poft <j> Poa "aR 



V bR Pofe POa "aR 



(e) 



(f) 



Figure 4. One-loop contribution to the neutrino mass matrix Mr 



Making similar steps to the mass matrix Mr, we obtain the result 

Mint ^ 9 r* i ^ i ac 

Rab 16tt 2 27 POam mr V 

<p 

The neutrino masses are the eigenvalues of the matrix 



1V1 Lab 1V1 D 



(49) 



V M D M™£ ) 

Because of the condition w',w ^> u r ,u,v',v and u',u <C v',v [see Eq.f JT6|) ] and 
(M R oc w 2 ,M D oc v 2 ,M L oc u 2 ), we obtain a hierarchy in values of the elements of 
the neutrino mass: 

M'nlt » M D » MZ{ (50) 
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X? 



X? 
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12 



xV 



27 



-x- 



bL Pob 



pQa VaL V bL Pob 
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X^ 
x. 



X^ 
X 



X?< 54 A 



^bL Pob 



Poa ^ 



(b) 



X? x? 

X. X 



Xy*' 54 \^o/ 



^bL Pob 



Poa 



(c) 

P^ P^ 

x„ x 



^fcR Pob <\> Poa "aH 



(e) 



(d) 



P? P' 2 ° 

x 



Pob Poa "aH 
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Figure 5. One-loop contribution to the neutrino mass matrix Ml 



The heavy and light eigenvectors are found to be diagonalize the matrices: 

m R = M™{, m u = M D M^ b ~ l M T D . (51) 

Let us mention again that in the framework of the non-supersymmetric economical 
models as well as the supersymmetric version without inflationary scenario, to get 
successful neutrino masses, it is necessary to introduce a new mass of the GUT scale 
A4 ~ 10 16 GeV [17] . While in the supersymmetric model with an inflationary scenario, 
with the help of the interactions among the inflaton and right handed neutrinos ( |40|) . 
the above puzzle is solved. Thus the inflaton with mass around 10 17 GeV plays the role 
of new physics in the economical models with the inflationary scenario. 
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5. Non-thermal leptogenesis via inflaton decay 



Let us consider the non-thermal leptongenesis scenario in our model. In the non- 
thermal leptongenesis scenario, the right handed neutrinos are produced through the 
direct non-thermal decay of the inflaton. In our scenario, there is no interaction term 
which describes that decay process at the tree level. However, the necessary interaction 
arises at the one-loop level. The relevant self-Higgs and inflaton couplings is given by 



-'thermal 



dW, 



inf 



dx 



+ 



dW, 



inf 



dx' 



a 



l\ 1 2 I I /|2 

[\x\ + \x I 



(52) 



From the Lagrangian given in ( )43|) and ( 1521) . the effective interaction relevant for the 
right handed neutrinos and inflaton at the one-loop correction is given in Fig. EJ 



X°s' 



at 



X°s' 



bR f^Ob 



Figure 6. Feynman diagram for the process <j> — > urVr 

The effective Lagrangian for the process <p — > v r v r is given by 

L VRVR< j, = A eff 4>v R v R + H.c (53) 
where A e ff stands for effective coupling, which is obtained as 

A eff oc 2m~a 2 fio a fi' ob [I{m^,m 2 , ) + m|/i(m|,mj, )] 



Mr „ 

oc 54— \c? 54 
g' 2 w z 



The inflaton decay rate is given by 



\A 



F(<f> -»■ urv r ) ~ [ " eff m (55) 
with rritf, the inflaton mass. The produced reheating temperature is obtained by 
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45 



i 

4 i 



-R 



^ 9 ,l (rM -> 5 < 56) 

where g* is the effective degree of the freedom in the universe at T ~ Mr. In our model, 
the effective degree of the freedom is taken approximately 140 (for more details, see 



We assume that the inflaton decays dominantly into a pair of the lightest heavy 
Majorana neutrino, — > vrx.vri, and other decay modes including these into pair 
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i/R2, ^ra are forbidden. The inflaton decays to lightest heavy neutrino and that neutrino 
decay to charged leptons and Higgs reheats the Universe, producing not only the lepton- 
number asymmetry but also entropy for thermal bath. The interference between the 
tree-level decay amplitude and the absorptive part of the one-loop diagram can lead 
to a lepton asymmetry of the right order of magnitude to explain the observed baryon 
asymmetry. The Ni decays immediately after beying produced by the inflaton decays 
and hence we obtain lepton-to-entropy ratio [20] 

^ _ ^ e x B r x I* (57) 
s 2 

where B r is the branching ratio of the inflaton decay into the N\ channel. The lepton 
asymmetry (in (Eq JBTj) ) is converted to the baryon asymmetry through the "sphaleron" 
effects which is given by 



s 



(5_ 



with a = — in the MSSM. The ratio of the lepton number to entropy density after 
preheating is estimated to be [20] 

Tin 3 XV? 

-j. = -0.35 x -B r {(j> -> v RU vm)^- x e. (59) 

The lepton asymmetry parameter e is produced by the interference between the tree level 
and one-loop level of the vr —> IlP or vr — > Ilp' decay process. The thermal leptogenesis 
scenario, in detail, in the economical 3-3-1 model will be presented elsewhere [2T]. The 
CP violating parameter [22] is given by 

- 1 £ Im \(\>\>% 



•in 



ii 



J=2,3 



f(M 2 R jM R1 : 



2g(M Rj /M R1 ) (60) 



with f{x) and g{x) the vertex and the wave functions, respectively. In the limit x ^> 1, 
the CP violating parameter e can be written as 



167r(A'A' 



ii 



E Im \(X'X'% 



3=2,3 



M 



Rl 



M, 



X'Mr'X 



As mentioned in the last section, we have type I seesaw mechanism m h 
xlT (p) 2 , hence the CP violating parameter can be written as 

3 M R1 Im[X'M*X' T ] 
_____ 



(61) 

M D M R l Ml = 



16tt (p) 2 (A'A't 
3 m u?l M Rl 5 eff 



167T (p) 2 

where the effective CP- violating phase 8 e ff is given by 

Im \X?, + ^X'l ^ 

6, 



Numerically, taking (p) 

e _ - 2 x 10 



Im 


Afo + ^A 


12 , 
12 1 


rrhn 


X' 2 

A ll 




K.3 


2 + 


K2 


2 + 


A'n 


2 



V — V e i ec t rowea k 

10 10 GevJ 



246 GeV, we obtain 
m u3 



0.05 eV 



5, 



eff 



(62) 



(63) 



(64) 
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As considered in section HJ there is no loop correction to the Dirac mass matrix Mp; 
the effective coupling A' n = is the same as the coupling at the tree level. Assuming 
the coupling A' 12 = |A|e i<512 , A' 13 = |A|e i<513 , we get the effective CP- violating phase 

sin £13 + 2^ sin 8 12 
8 eff = * (65) 

As far as we know, the neutrino oscillation data is given in [23] as follows: 

A 2 2 = 7.59 x l(T 5 eV 2 , A 2 3 = 2.43 x l(T 3 eV 2 (66) 

Assuming that the neutrino mass spectrum has a normal hierarchy, 

M v = Diag (m , Jm* + A? 2 , Jm* + A 2 3 ) , (67) 

leads to the product of the maximal CP asymmetry and the heaviest light neutrino 
mass, which is presented in Fig. [71 




Figure 7. The product of m„3 [eV] and S e t / is a function of mo by taking the maximal 
CP violating phases (sin ($13 = sin £12 = 1). 

On the other hand, the ratio of the lepton number to entropy density after 
preheating can be written as 

T-°- 10 ^---)(lo4v)(^)(^)- W 

The cosmological constraint on the gravitino abundance gives a bound on the reheating 
temperature [21]: Tr < 10 7 GeV. Assuming that the reheating temperature is Tr = 10 6 
GeV and combining with the observed baryon number to entropy ratio, we get a 
constraint on the heaviest light neutrino as 

m u3 > 0.01 eV. (69) 

Taking the maximal CP violating phases from FigJTl we can roughly estimate the value 
Seffrrivz = 0.05. Hence, in order to satisfy the observed value of the baryon asymmetry 

m 

Y B = T ^ = 0.87 x 10- 10 , (70) 
s 
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the ratio ^p- must satisfy 



^ = 0-87. (71) 
If we combine the cosmological constraint on the gravitino abundance (Tr < 10 7 GeV) 



with Eqs. (tool) and (l54jl . we obtain the constraint on the effective coupling 

10"3 

4,// < — r- (72) 
From Eq. (l54l) and Eq. (l7"2]) . the constraint on the inflaton mass is given by 

— 7 

M| < 2 x Hi- x </W. (73) 

Taking into account g'w oc 10 3 GeV, we get the constraint on the inflaton mass: 
2 lot 

M^<2x — . (74) 
v cr 

Note that the constraint on the coupling a has been given in [18], namely the value 
of coupling a should be smaller than 10 -4 . The inflaton mass is roughly estimated in 
Table ED 



Table 1. Coupling constant a and inflaton mass 



a 


10" 4 


10~ 5 


10~ 6 


io- 7 


io- 8 


10 -9 


10 -io 




GeV] 


2 x 10 7 


4 x 10 8 


9.2 x 10 9 


2 x 10 11 


4 x 10 12 


9.2 x 10 13 


2 x 10 15 



Table [T] shows that the constraint on the coupling a as (a G [10 -4 , 10 -10 ]) leads 
to the inflaton mass around e [10 7 , 10 15 ] GeV. These values not only produce the 
observed value of the baryon asymmetry but also are suitable to the hybrid inflationary 
scenario given in |18j . 

In short, non-thermal leptongenesis scenario via inflaton decay to the pair of right 
handed neutrinos is forbidden at the tree level. However, this process is available at the 
one-loop level. By taking the reheating temperature Tr = 10 6 GeV, we can solve the 
gravitino problem. Due to 5 e // < 1 ; the heavies light neutrinos mass satisfies both the 

cosmological constraints and the oscillation data m v % ~ j^- eV. We have obtained the 

"<=// 

constraint on the lightest heavy right-handed neutrino: its mass is smaller than those 
of inflaton, namely = 0.87. It is worth noting that the cosmological constraint on 
the gravitino abundance gives a bound on the Higgs-self couplings and inflation mass, 
which naturally fit to our inflation scenario. 
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6. Summary and conclusions 

In this paper, non-thermal leptogenesis in which the heavy Majorana neutrinos are 
produced through inflaton decays in the supersymmetric economical 3-3-1 model with 
the inflationary scenario has been considered. 

We have shown that the problem in the supersymmetric economical 3-3-1 model 
(without the inflationary scenario) is the same as in the non-supersymmetric version: 
neutrino masses are unrealistic: there is no larger hierarchy between Ml, Mr and Mo- 
It is difficult to obtain the seesaw mechanism in this scenario. 

Fortunately, in the model with inflationary scenario, the lepton-number-violating 
interactions among the inflaton and right-handed neutrinos appear at the one-loop level. 
Thus, it not only gives a solution for the above puzzle but also gives a chance for studying 
non-thermal leptogenesis scenario. 

Our analysis has shown that the leptogenesis works without overproduction of 
gravitinos if reheating temperature T R = 10 6 GeV and the lightest heavy right-handed 
neutrino mass satisfies M R1 = This result satisfies also the cosmological constraint 
m u3 ~ f^y eV with 5 eff < 1. 

One of the criteria for the inflationary scenario, beside providing the predictions in 
good agreement with observations of the microwave background and large scale structure 
formation, is an explanation of the origin of the observed baryon asymmetry. For this 
aim, we note that the model under consideration contains the lepton-number-violating 
interactions among the inflation and the right-handed neutrinos at one-loop level, and 
this is a reason for the successful leptogenesis scenario considered in this work. 
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Appendix A. Feynman integration 

In this Appendix, we present evaluation of the integral. 




(A.l) 




(A.2) 
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where a, b, c > and I(a, b, c) = I (a, c, b) should be noted in use. 

—if a In a b In b 



h(a,b, c) 



+ 



+ 



cine 



167r 2 1 (a — b)(a — c) (6 — a){b — c) (c — 6)(c— a) 



(A.3) 



/(a, 6, c) 



d 4 p 

W) A 



1 



+ 



(p 2 — a)(p 2 — o)(p 2 — c) (p 2 — a) 2 (p 2 — b){p 2 — c) 



—i i a(21na+l) a 2 (2a — 6 — c) In a 
k (a — 6)(a — c) (a — 6) 2 (a — c) 2 
o 2 In 6 c 2 In c ] 



+ 



(b-a) 2 (b-c) (c-a) 2 (c-b) 
If a, 6 ^> c or c ~ 0, we have an approximation as follows 

i 1 



/(a, 6, c) 



b ^ a 

a — b b 



167T 2 a — b 

In the other case with b = c and b ^ a, we have also 



/(a, 6) = /(a, b, 6) 



16tt 2 



a + b 



lab 



1 - 

(a - 6) 2 (a - o) 3 11 b 



where, also, I(a, b) = I(b, a) should be noted in use. 

If b ^> a or a ~ 0, we have the following approximation 

I(a,b)c 



16tt 2 6' 



(A.4) 



(A.5) 



(A.6) 



Let us note that the above approximations al(a, b, c) (or bl(a, b, c)) and bl(a, b) are 
kept in the orders up to 0(c/a,c/b) and 0(a/b), respectively. 
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